Abstract: Doubly Excited Brushless Reluctance Machine (DEBRM) has gained much attention recently in the area of variable-speed constant-frequency generating systems and adjustable speed drives. Two types of reluctance rotor structure, axially laminated and simple salient rotors, are suggested in the DEBRM development. Due to the unconventional pole number combination of the stator and rotor, performance evaluation of the DEBRM with different rotor structures is difficult. A comparison study of two rotor structures of the DEBRM is presented in this paper by finite element analysis. It is shown that by calculating self-and mutual-flux linkage of the dual stator windings as the function of rotor positions, performance of the complicated' DEBRM can be evaluated conveniently. Various advantages and disadvantages of the DEBRM associated with the two rotor structures are also discussed.
Introduction
Doubly Excited Brushless Reluctance Machine (DEBRM) has experienced a long history of development. Starting at the turn of this century, Hunt proposed a doubly fed self-cascaded induction machine to emulate the operational characteristics of a conventional cascaded induction machine[ 11. O f his machine, the basic structure featuring dual stator winding of different pole numbers wound in a common stator core with a cage rotor has been proposed. Although the so-called Hunt machine took its very primitive form in the early days, the operational feasibility of the doubly fed machine has been demonstrated. In the 60s and 70s, Broadway gave a more detailed analysis of a similar type machine [2] . More significantly, Broadway analyzed the function of the short-circuit cage rotor and suggested the possibility of using an axially laminated reluctance rotor in place of the short-circuit cage one. In effect, the study of self-cascaded induction machine had given starting to the development of doubly excited reluctance machine. Although the DEBRM gained its own identity since then, which is substantially different from its ancestor-the cascaded induction machine, the theory of such a machine had not progressed. In most cases, derivation of the machine models have been semi-intuitive with modification of the conventional induction and synchronous machine of rotating flux. Results presented, therefore, were very approximated and some were inconsistent. For example, the substantial harmonics of airgap flux space generated by the interaction of stator MMF and rotor with different pole number had never been explained. In addition, the coefficient accounting for the mutual coupling between the two sets of stator winding become negative, a vague and unexplainable result [2] . The lack of proper theory and modeling had retarded further development of the DEBRM for many years until recently. In the past decade, interests in the doubly fed brushless machine with both cage rotor and reluctance rotor have been renewed due to a rapid development in power electronics converter. Coupled with the power electronics converter as the core components, the doubly excited brushless machine appears very attractive for its rugged structure, the good compatibility with power converter, and the flexible operational mode. In constructing a variable speed drive and variable-speed constant-frequency generating system, the doubly excited brushless is potential to achieve high efficiency, low cost, enhanced reliability and flexible control. The synchronous machine version of the Broadway concept was implemented as a high efficiency machine by Heyne and Elantably [4] . Various efforts have also been made to establish a proper dynamic model and explore its design variations [5,6,7,8].
In our previous work we have presented a throughout analysis on the transient behavior of the DEBRM [5] . The analysis started from the physical description of the machine and abandoned completely the ideas of treating the DEBRM as a conventional rotating flux machine, accounting for only the fundamental flux component [2] . Instead, by treating the DEBRM on its own right, the mutual coupling between the two stator windings, and the interaction between the stator MMFs and the rotor saliency have been fully described. The pulsating flux of the DEBRM has been taken into consideration. As the results of the analysis, the underlying mechanism that the DEBRM could resemble a synchronous or induction machine emerged. The work has also pointed out that any electric machine with similar features would equally result in electromechanical conversion. The operational constraints regarding the DEBRM and the alike were discussed in [6] . The DEBRM has been further studied by finite element method to include nonlinearity and to explore the alternative pole number combination of the stator and rotor [9] . Application and field orientation control of the DEBRM in variable-speed constant-frequency generating system are presented in [lo] .
Parallel to the analysis of the DEBRM, the doubly excited brushless machine with cage rotor has been investigated by A. Wallace and his associates [7, 8] . In their work, a similar approach of [5] is applied and various winding arrangements are studied. The dynamic model of cage-rotor Doubly Excited Brushless Machine is established and the possibility of operating the machine in variable speed drives is investigated. Their work also indicated that the Doubly Excited Brushless Machine is such a machine that analysis by the conventional rotating flux theory is irrelevant.
Recognizing the fact that in DEBRM the MMFs established by the stator windings are constantly modulated by the rotor permeance of different pole number, we believe that similar interactions between the stator MMFs and any other type reluctance rotor could also result in electromechanical energy conversion. In such a case, the conventional salient pole rotor appears particularly attractive for its very simple structure and the inherent immunity to the iron losses. However, for an optimal design of a DEBRM with salient pole rotor, critical questions have to be answered regarding the machine torque capability, power density and torque ripple.
In this paper, a finite element analysis is presented to 0885-8969/94/$04.00 0 1993 IEEE investigate the DEBRM with two different rotor structures. The main purposes of using finite element method is to overcome the difficulties in dealing with the unconventional geometry and winding connection, to consider magnetic nonlinearity, and to verify the postulations from the simplified linear analysis. First, the geometry of the DEBRM is directly described by a discretized nonlinear model in terms of field vector potential. Secondly, the terminal characteristics, the winding flux linkages, are calculated from the field solutions as a function of the rotor positions. Thirdly, the loaded conditions are simulated, and the torque capability and torque ripples are evaluated. Finally, the discussion regarding the advantage and disadvantages of the DEBRM with each type of rotor structure are presented.
Geometry of Rotor Structures
The DEBRM assembly with an axially laminated rotor is shown in Figure l (a) and another two salient pole rotors for comparison are shown in Figure l (b) (in later comparison, the three rotors will be refereed to as rotor A, rotor B and rotor C respectively).
The major dimensions and the detailed specifications of the DEBRM are given in Table 1 . The stator has two sets of three-phase sinusoidally distributed windings. The pole number of one stator winding is p =2 and another q = 4 (referred as 2-pole and 4-pole windings later on). The spatial distribution of the dual windings is described in Figure 2 The axially laminated rotor (rotor A) consists of 3 pieces of axially laminated segments and the laminations in each segment are interleaved with non-magnetic material as indicated in the figure. Whenever the magnetic flux lines are forced to travel in a path normal to the lamination plane, the flux lines encounter the maximum reluctance. Yet, whenever the flux lines are driven to travel along the lamination plane, the reluctance is minimum.
The first salient pole rotor (rotor B) is a simple laminated style of a conventional synchronous or switched reluctance machine. For the sake of comparison the pole number of the simple salient rotor is chosen to be 6, most analogous to its axially laminated counterpart. The reluctance of the rotor is created by notching the iron material along the q-axis. It is evident that the laminated salient pole rotor has a rugged structure and inherent immunity to the eddy current losses.
The second salient pole rotor (rotor C) has almost the same structure of rotor B except that the laminations are partitioned into three magnetically isolated segments by addition of three flux barriers. The function of the flux barriers will be discussed in the later sections.
As discussed in [4, 5] , the DEBRM must follow the frequency constraint to produce useful average torque. Assuming that the frequencies of the voltages supplied to 2-pole and 4-pole windings are 0 1 and ~2 respectively, the rotor speed is governed by the equation:
where %is the mechanical speed of the rotor. In this paper, Eq. (3) will be used as a guideline to choose the frequency of excitation current and the rotor speed.
Field Analysis by the Finite Element Method
In order to analyze the magnetic field of the DEBRM and to relate the terminal characteristics to the complicated airgap flux pattern, the finite element method is chosen to solve for the magnetic field [6]. Assuming a magnetic vector potential, AZ, in the z-direction, the magnetic field of the DEBRM is described by the Poisson Equation:
where y is the magnetic reluctivity and Jo is the excitation current density. In the field analysis, yis determined by the nonlinear B-H curve and Jo is determined from the excitation current. Additional assumptions are made: i) the machine is relatively long and the field quantities are invariant in the z-direction; ii) the iron material is not grain-oriented and the B-H curve is single-valued, and iii) the flux lines are confined within the stator core.
As an example, Figure 3 shows the discretized model of the DEBRM with rotor A. To guarantee computation accuracy, more than 4000 elements are contained and in the neighborhood of the airgap elements are dense, An enlargement of the discretized airgap is shown in the same figure. The discretized DEBRM models with rotors B and C are also established with the same assumptions as stated above.
No-Load Operation
It was made clear in [9] that for the DEBRM the no-load condition means no electromechanical energy conversion when the rotor rotating, which corresponds to the case of exciting only one degree rotation for rotors A and C. It is interesting to observe that no explicit number of poles or traveling flux wave can be identified from all of the plots. Instead, the airgap flux is featured by the non-sinusoidal, pulsating pattem.
Since both rotors A and C repeat their structures for every 120' in space, the airgap flux repeats the distribution pattern for every 120' rotor rotation as well. This 120' repetition cycle can be identified from the figures. For a non-zero frequency excitation current, or equivalently, for a rotating MMF wave, the flux pattem repetition becomes either less or more frequently than that of the zero frequency excitation, depending on the relative rotating direction and speed of the MMF to that of the rotor. However, the flux pattems shown in the figures will periodically occur. For example, the flux distribution will repeat its pattem for every 120' incremental of the relative displacement between the rotor and the stator MMF. Under such circumstances, it is not essential to emphasize whether the relative displacement is created by the rotor movement, the stator MMF wave movement, or both. It is seen that the airgap flux distribution shown in Figure 5 is still representative for excitation of any frequency at any rotor speed.
By the same method, we have also investigated flux pattem when the 4-Pole winding is excited. While the flux Panem is different from that of the 2-pole winding excitation, the features of the nonsinusoidal, pulsating flux distribution remain. Plausibly, one might resort to the harmonic decomposition method that takes the fundamental flux component into account while neglecting the ~OnesSential harmonics. However, the complicity exists even in determining what is the "fundamental component" and what are tho.% "negligible harmonics" for the flux distribution shown in the figures. In effect, it will be made Clear in this Paper that harmonic decomposition is not a relevant approach for the DEBRM analysis.
2) Winding Flux Linkage
Figure 3 Discretized Field Model of the DEBRM of the two sets of stator winding. A constant rotor speed is assumed to simulate the mechanical movement of the rotor. The incremental angle of rotor rotation is chosen to be a slot pitch, 10 degrees mechanical.
1) Airgap Flux Distribution
The &gap flux distribution of the DEBRM at no-load can be investigated when the 2-pole or 4-pole -ding is excited with a --phase C-nt at any frequency 191. However, Current at frequency (DC) applied to 2-pole winding, the most convenient excitation, is used for simplicity. In this way, a stationary, sinusoidally distributed MMF is created. With the rotor of different pole number, a non-sinusoidal airgap flux is produced. The flux distribution over the cross-section of the DEBRM is shown in Figures 4(a the path provided by the magnetically isolated laminations with 120 'symmetry. However, for rotor B, all of the six rotor poles are essentially magnetically short-circuit by a single piece of iron with 180" symmetry. Therefore, it is not surprising that the flux generated is in 180' symmetry. As it will be made clear later, the fundamental difference of the flux pattem impacts the performance of the DEBRM significantly.
As soon as the rotor starts rotating, the rotor permeance will modulate the stator MMF and the flux distribution of the DEBRM will change from that at initial rotor position. phase winding when the three-phase winding of the same pole number is excited by a three-phase symmetric current. This SOdefined self flux linkage can be visualized as: if an airgap flux is generated by a three-phase winding of common pole number, the From the self flux linkage plot, we can derive that if the DEBRM with rotor A or C is singly excited, no flux linkage variation will be experienced by the excited winding as the function of rotor speed. Thus, no induced speed voltage and no electromechanical energy conversion will be possible. If rotor B is used in the DEBRM, the self flux linkage varies six time per rotor revolution and a small AC speed voltage will be induced. However, the DC current and AC speed voltage constitute no average electromagnetic power and torque except energy oscillation. Therefore, from both cases we can conclude that the singly excited DEBRM is, indeed, in no-load condition. Although this conclusions is from the computation of self flux linkage by exciting 2-pole winding only, the same conclusion can be reached by exciting the 4-pole winding only. In addition, AC excitation on either 2-pole or 4-pole winding also gives the same conclusion[9].
b). Mutual Flux Linkage
The mutual flux linkage is defined as: the flux linked by one phase winding while the other three-phase winding of different pole number is excited by a three-phase symmetric current.
Similarly, the mutual flux linkage can be interpreted as one threephase winding generated flux weighted by another phase winding of different pole number. It can be predicted that since the pole numbers, or pole pitches of the two sets of winding are different, the self and mutual flux linkages based on the same flux distribution will be substantially different.
In Figures 7(a) , the mutual flux linkage of the 4-pole winding is plotted for rotor A with the 2-pole winding being excited by a three-phase current at zero frequency. It very important to note that the mutual flux linkage is closely related to the rotor positions. In effect, Equation (3) relating the frequencies 01, 02 and Wrm is verifiable by the figure. Under such circumstances a speed voltage will be induced in the 4-pole winding while the rotor is moving. Further, the profile of the mutual flux linkage indicates that the induced speed voltage will be sinusoidal. Figure 7(c) shows the mutual flux linkages with rotor C. It is interesting to note that with a much simpler structure than that of rotor A, the mutual flux linkages varies similarly as rotor A is applied. The major difference is that the mutual coupling created by rotor C is substantially lower than that created by rotor A. The low mutual coupling with rotor C can be verified by observing the magnitude of the mutual flux linkage variation for the two rotor Summarizing the flux linkage calculation, we have qualitatively verified several important conclusions regarding the DEBRM and the magnetic characteristic of the three different rotors:
(1) If it is singly excited the DEBRM will be in no-load condition, no matter what rotor is used;
(2) Simple salient pole rotor (rotor B) is in 180' symmetry and can not create mutual coupling between 2-pole and 4-pole winding; (3) In order to achieve induced speed voltage, modification of rotor B to rotor C is necessary so that magnetic isolation and 120" symmetry as that of rotor A are created. In this case, mutual coupling is created between the windings of different pole number. (4) The variation of the mutual flux linkages created by the rotation of rotor A and C is in sinusoidal profile and at the frequency constrained by Equation (3).
cases. Note that in the flux linkage computation we have used the complete solution of the field analysis and exact winding connection. Equivalently, the magnetic non-linearity and all of the space harmonics of the flux are automatically included. If we would have neglected flux harmonics, the results of the flux linkage calculation would be very different. For the convenience of analysis, we have only applied DC to the 2-pole winding to shown the results. It can be shown that excitation at any other frequency applied to either 2-pole or 4-pole winding will obtain the same results.
Comparison of Torque Capability
Up to this point, it is clear that if only one set winding is excited, it is impossible to induce speed voltage in the excited winding so as to realize electromechanical energy conversion. Nevertheless, with rotor A or C, the rotor-position-dependent mutual coupling can be created between the 2-pole and 4-pole windings. As the result of the mutual flux linkage variation, the induced speed voltage is sinusoidal. With rotor B, no mutual coupling between the two stator windings is introduced. In this section, the toque capability are quantitatively investigated for the DEBRM with rotors G and C. Since rotor B can not achieve mutual coupling between the 2-pole and 4-pole windings, it will not be discussed in this section.
1) Principle of Torque Production
If a current of the same frequency as that of the mutual flux linkage variation is injected into ihe winding, an electromagnetic torque will be produced. The general form of the torque is:
where the Ep and E, are the induced speed voltages associated with the variations of the mutual flux linkages; Ip and b are the phase currents; $ is the angle between the induced speed voltage and the current; limp and are the mutual flux linkages under the given currents. Note that in the torque derivation, the relation h l h , = I& is used and the frequency constraint given in Equation (3) is observed.
Note that if the phase current Ip is injected in phase with respect to the induced speed voltage Ep, or equivalently, orthogonal to the variation of the mutual flux linkage bq. A maximum torque production for the given currents is expected. The orthogonal current injection with respect to the mutual flux linkage is actually the field orientation concept similar to that in a synchronous machine operation. Further, the current injection is oriented to the mutual flux linkage variation which, in turn, varies as a function of the rotor positions. Therefore, the orthogonal current injection can be actually implemented by using the rotor positions as reference signal.
2) Evaluation of Torque Capability
With both 2-pole and 4-pole windings doubly excited, and the current through the 4-pole winding orthogonal to its mutual flux linkage, the vector potential and the total flux linkage of the winding are re-calculated. As indicated in Table 1 , the main dimensions of the DEBRM are chosen to be those of an induction machine rated at 7.5 hp with the synchronous speed of 1800 rpm. The torque capability of the DEBRM is shown in Figure 9 . It is seen that at the same current level, or at the same ievel of conduction losses, the torque production of the DEBRM with rotor C is about 65% of that with rotor A. From the comparison, it is clear that the torque capability of the DEBRM with rotor A is substantially higher than that of the DEBRM with rotor C. By inspecting the flux linkage profile with rotors A and C at no-load ( Figure 6 ) and loaded (Figure 8 ) conditions, we can attribute the reduced torque capability of the DEBRM with rotor C to two major reasons: 1). With rotor C, the magnetic structure of the DERBM is less effective to produce winding flux linkages. This is made apparent by the flux linkage magnitude for the two rotor cases at no load condition. 2) With rotor C, the mutual coupling is weaker than the case with rotor A. This is made apparent by the ratio of the self to the mutual flux linkages. Also, the larger angle shifting (58') of the winding flux linkage from no-load to loaded condition with rotor C than that (45") with rotor A indicates the dominance of the self flux over the mutual flux component.
Conclusions
The complicated flux distribution inside the DEBRM, coupled with the magnetic nonlinearity, and the less straight forward terminal characteristics of the DEBRM have been investigated in detail by the finite element method for different rotor structures. The following conclusions have been reached by the analysis: 1) Among the three rotors, the axially laminated rotor provide highest mutual coupling between the stator windings of different pole number, and thus, achieve high a torque capability.
2) Simple salient pole rotor can not introduce rotor-positiondependent mutual coupling to the stator windings of different pole number.
3) Modified salient pole rotor with magnetic barriers has almost the same magnetic characteristics as that of the axially laminated rotor except the lower production of flux and mutual coupling.
In spite of the fact that rotor A outperformed rotor C for torque production, rotor C does have several advantages over rotor A: i) the structure is very simple and rugged. The advantage is very attractive because it makes rotor C very cost effective and reliable. ii) since rotor C is made of conventional laminations, low iron losses are guaranteed. Further optimization of rotor C by finite element analysis and research of control strategy are currently in progress and the results will be presented in a future paper.
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APPENDIX A
Consider a single turn coil in a 2-D magnetic field described by the vector potential, AZ, as shown in Figure 
